In order to scrutinize the floral development of the unisexual Betula alnoides and to discuss the organogenesis throughout other members of Betulaceae, the inflorescences, cymules, and flowers of B. alnoides were examined using scanning electron microscopy. In staminate flowers, there is no vestige of the carpel, and a 90°change in the orientation of two stamen primordia was noted during the developmental process. Tepals are usually laminar but vary in number and morphology. Secondary bracts are laminar, similar to the tepals. Pistillate flowers lack stamen primordia; tepals are arrested in early development, and the secondary bracts are more reduced than bracts in the male flowers. Despite this contrasting morphology, the organogenesis pattern of male and female cymules and flowers is similar. Bracts and tepals keep the same arrangements in both genders. The orientation of stamens and carpels is also consistent. Phylogenetic relationships within the family are discussed. The division of Betulaceae into Coryleae and Betuleae and the sister group relationship between Betula and Alnus are reinforced in the aspect of floral ontogeny.
Introduction
The family Betulaceae is usually divided into two tribes, Coryleae and Betuleae (Prantl 1893; Winkler 1904; Li and Skvortsov 1999) , or two subfamilies (Koehne 1893; Rendle 1925; Hjelmqvist 1948; Komarov 1970; Takhtajan 1980; Thorne 1983; Furlow 1990) . It contains ;150 species within six extant genera-Alnus, Betula, Carpinus, Corylus, Ostrya, and Ostryopsis-primarily distributed in temperate zones of the Northern Hemisphere, with only representatives of Alnus extending into South America (Chen 1994a (Chen , 1994b . Betulaceae is morphologically interesting because all the species in the family have unisexual compound spikes consisting of one-to three-flowered cymules with reduced flowers, a unique composition distinct from the catkins of other members of the historically recognized Amentiferae (i.e., Fagaceae, Juglandaceae, Leitneriaceae, and Myricaceae; Abbe 1935 Abbe , 1974 , except the male inflorescences of Leitneriaceae, which also produce complex catkinlike spikes (Bogle 1997) . The flowers in other Amentiferae are usually arranged in spikes, lacking the cymule disposition, and even solitary flowers can be observed in some species of Fagaceae, Juglandaceae, Myricaceae, and female flowers of Leitneriaceae. Generally speaking, in female flowers of Coryleae, a perianth is present. In male flowers, the perianth is absent. The situation is the reverse for Betuleae, with the male flower provided with a perianth and the female flower lacking it.
The species within each genus in Betulaceae exhibit high variation in the numbers of flowers, bracts, and tepals; the morphology of tepals and carpels; the orientation of each organ; and so forth. For this reason, the organogenesis of reproductive organs was considered to be very important in understanding the morphology, phylogeny, and evolution of Betulaceae. Abbe (1935 Abbe ( , 1938 proposed the conception of a compound spike in the family and made an anatomical comparative study of flowers and inflorescences in mature reproductive organs. He also described the highly variable morphology ''considered as in the possible range of normal variation rather than as teratological forms'' and speculated a synthetic ancestral form (Abbe 1938, p. 431) . Furlow (1990) investigated those genera of Betulaceae in the southeastern United States (Alnus, Betula, Carpinus, Corylus, and Ostrya) and made a summary of the morphology of mature cymules and flowers in Betula. Furlow's (1990) conclusions were similar to Abbe's (1935 Abbe's ( , 1938 . In another study by Abbe (1974) , concerning the families of Amentiferae, he supposed that the compound inflorescence of extant Betulaceae is the result of the modification of an ancestral branch system through extreme reduction of pedicels and reduction, suppression, addition, or modification of the reproductive organs. Hjelmqvist (1948) also investigated the inflorescence morphology of the Amentiferae and discussed the phylogeny within the family and the possible evolutionary pathways between Betulaceae and its related families (i.e., Fagaceae and Juglandaceae).
The genus Betula is considered the closest relative of Alnus (Winkler 1904; Furlow 1990; Li and Skvortsov 1999) . It includes deciduous, monoecious, and anemophilous trees or shrubs with simple and alternate leaves. The pendulous male inflorescences are terminal or lateral on the branchlets. Females are erect or pendulous and terminal on the branchlets, with one or several inflorescences clustered together (Kubitzki et al. 1993) . Although the placement of extant Betula as sister to extant Alnus is not controversial (Chen et al. 1999) , Betula has been considered more primitive in traditional taxonomy (Spach 1841; Regel 1868; Bentham and Hooker 1883; Prantl 1893; Winkler 1904; Komarov 1970; Furlow 1979 Furlow , 1983 Furlow , 1990 Li and Skvortsov 1999) , while many modern taxonomists suggested that Betula has more specialized flowers than Alnus (Hjelmqvist 1948; Hall 1952; Takhtajan 1969 Takhtajan , 1980 Kikuzawa 1982) .
Currently there are few comparative studies on the floral development of Betulaceae. Under scanning electron microscope (SEM), Chen et al. (2001) surveyed the organogenesis of female reproductive organs in Carpinus turczaninowii and Ostryopsis davidiana, revealing differences in floral development between these species. Chen et al. (2001) also proposed new viewpoints on the number of bracts and orientation of the carpel in pistillate cymules. Recently, Zhu and Lu (2008) documented the morphogenesis in both male and female individuals of Alnus manshurica and Alnus sibirica. They revealed the initiation of bracts, the developmental order of the flowers in each cymule, and the initiation of tepals and the reproductive organs. The aims of this study are (1) to report the whole developmental process of the male and female cymules and flowers in Betula alnoides; (2) to compare the organogenesis of reproductive organs in Betula with those of other genera of Betulaceae, discussing the pattern of these structures throughout Betuleae, and to analyze organogenesis in unisexual flowers; and (3) to discuss the phylogenetic relationships in Betulaceae inferred by floral ontogeny.
Material and Methods
The mixed buds or inflorescences of Betula alnoides at different developmental stages were collected from the natural forests in Lecun Village, Jingxi County, Guangxi Province, China, every 2-3 d from May to December in 2007 and 2008. The materials were fixed in FAA (50% ethanol : acetic acid : formaldehyde, 90 : 6 : 4) for more than 24 h and then were transferred to 70% ethanol for storage. The buds and inflorescences were anatomized in 95% ethanol under a dissection microscope. For SEM investigation, the materials were dehydrated through a graded series of alcohol-isoamyl acetate, critical-point dried in carbon dioxide for 1 h with a Hitachi HCP-2, coated with gold palladium for 100-130 s with a Hitachi E-1010 at 15 mA, and viewed with a Hitachi S-4800 SEM at 10.0 kV.
Results

Inflorescence and Floral Organography
Betula alnoides is monoecious with pendulous inflorescences that are compound spikes comprising several cymules arranged helically along an inflorescence axis (figs. 2Q, 3K). Each cymule usually consists of three flowers. Neither a cymule with less than three flowers nor one with more than three flowers has been discovered in this study. Both male and female inflorescences are laterally borne on the branchlets.
The primary bracts of the cymules are peltate, woody, and conspicuous, covering the inner floral organs tightly in the male inflorescence (fig. 2Q) ; they are much more relaxed in females ( fig. 3K ). Secondary bracts exist in both genders but vary from male to female. They are morphologically similar, with tepals in male cymules, including the obovate shape and glands on the margins. But in females the secondary bracts are slighter and inconspicuous and cannot clearly be distinguished after their adnation from the primary bract at the base and after being covered by trichomes.
The surfaces of the tepals and carpels of flowers are smooth at the early developmental stage and are rapidly covered by a great deal of trichomes, shed at anthesis. Each male flower usually has two or three tepals, showing a wide range of sizes. The tepals are parted and pilose in early stages but gradually become serrate and slightly involute, with small caducous protuberances along the margins in staminate flowers. Tepals are highly reduced and almost cannot be recognized in mature pistillate flowers. Staminate flowers usually have two stamens. The anthers possess two thecae connected by a short and bifurcated filament. Each theca bears two anther sacs. Pistillate flowers consist of two carpels, each with a linear style. The ovary is inferior, orbicular, and compressed, with semitransparent margins.
Cymule and Flower Organogenesis
Timing of development. The growing season of the inflorescences of B. alnoides is from midsummer (June) to early winter (November) of the same year. Other species of Betula produce winter buds and have another growing season up to the spring or summer of the following year. Male inflorescences of B. alnoides develop earlier than those of females and experience longer development. The primordia of the male inflorescence are initiated in June and begin to elongate in late July or early August. During these months, the reproductive organs of each flower arise and develop gradually. In October, most male flowers become mature in conjunction with fullgrown female flowers. By contrast, female inflorescences experience shorter growing periods. Their primordia are initiated in early October, and the whole developmental process is usually completed within 1 mo. In other words, full-grown female flowers generally form in late October or early November. The stigmas of the female flower are receptive to pollen grains for an average of 3 or 4 d. Betula alnoides is probably selfincompatible through retarded growth of the pollen tube, like other species of Betula (i.e., Betula pendula and Betula pubescens) in Europe and North America (Clausen 1966; Holm 1994; Radisic and Sikoparija 2005) .
Staminate cymule and flower. The staminate cymule primordium of B. alnoides arises from the axil of the primary bract ( fig. 1A ). On this flabelliform plane, three floral primordia are borne separately, with distinct morphologies, and they display different developmental rates. The middle flower arises as hemispheroid and occupies approximately half of the cymule primordium ( fig. 1B ). The initiation of the lateral flowers is postponed by the formation of the secondary bract primordia on the outermost sides ( fig. 1B, 1C ). Immediately before differentiation of the secondary bract primordia from 587 the remainder of the cymule primordium, the tepals of the middle floral primordium initiate laterally ( fig. 1D ). The stamen primordia of the middle flower arise opposite the tepal primordia, with a depression at the floral center ( fig. 1E ). Here the four primordia, i.e., two tepal primordia and two stamen primordia, arrange in a linear order parallel to the young primary bract. Simultaneously, differentiation of the two tepal primordia of each lateral flower initiates perpendicular to the secondary bract ( fig. 1F ). The orientation of the lateral floral primordia is not parallel but oblique to the primary bract, when compared with the middle one ( fig. 1F ). Two stamen primordia of each lateral flower are also initiated opposite the tepal primordia, as the stamens do in the middle flower ( fig. 1G ). There is no evidence of a carpel primordium. The boundaries among the flowers are well established ( fig.  1H ). The young tepals develop an irregular size, are parted ( fig. 2K, arrowheads) , and flank the two stamen primordia ( fig. 2J, 2K ). In some cymules the middle flower differentiates two tepals, as observed in lateral flowers, while in other cymules, the middle flower differentiates three tepals ( fig. 2J,  2O ). Although the initiation of the third tepal primordium in the middle flower was not observed directly, there is evidence of a remnant parallel to the primary bract that can be identified as a third tepal during the early floral development ( fig.  1I, arrowheads) . It is interesting that the orientation of the stamens in the middle flower presumably changed at an angle of 90°because the primordia are parallel to the primary bract, but the young stamens become perpendicular to it ( fig. 2J,  2O ). The stamens of the lateral flowers undergo similar changes in orientation as well ( fig. 2K ). Thecae differentiation begins with a central depression on top of the stamen primordium ( fig. 2L) , followed by the formation of medial furrows ( fig. 2M ). The anther consists of two thecae connected by a short filament; each of them bears two anther sacs ( fig. 2N , fig. 2O ). Glands distribute inward along the margins of the tepals and bracts when flowers reach maturity ( fig. 2O, circles) .
Pistillate cymule and flower. In pistillate cymules, the middle flower appears earlier and grows faster than the lateral ones, as observed in staminate cymules. The middle floral primordium is initiated as a hemispherical shape early in organogeny ( fig. 3A) . As the floral primordium enlarges, the tepal primordia arise from its two sides ( fig. 3B, arrowheads) , and two carpel primordia emerge on the convex dome, leaving a central concavity between them. The two lateral floral primordia appear next to a secondary bract primordium ( fig.  3B) . Meanwhile, the central concavity of the middle flower deepens as the style primordium elongates ( fig. 3C ). When the young styles become longer and cylindrical, the carpel primordia of the lateral flowers are initiated ( fig. 3D ), as observed in the middle flower. In a later stage, the carpels develop to be oblate with arcuate margins, and trichomes begin to form on the secondary bracts ( fig. 3E ). The angles between pistillate flowers of each cymule are similar to those of the staminate flowers ( fig. 3E, 3F) . The orientation of carpels in the middle pistillate flower does not exhibit a change in the orientation during the developmental process, as observed in the male flowers. The oblate carpels gradually become flat ( fig. 3F, 3G) , and the secondary bracts remain small in size and stick to the base of the primary bract ( fig. 3H ), so they are hardly noticeable during the mature stage ( fig. 3I ). The older flowers are covered with trichomes, and the bullate styles are appressed to each other and close the entrance between them (fig. 3I ). The mature flower is semitransparent, with thin and broad margins and an orbicular ovary ( fig. 3J ). The tepals are abortive, with inconspicuous margins that can be seen only on the ovary wall ( fig. 3J ). 
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Discussion
Bract Morphology
Pistillate cymules form a loose arrangement along the primary inflorescence axis because of their nonelongated receptacle and the nature of the primary bract itself (it is approximately deltoid and less woody in the pistillate cymule). By contrast, the primary bract in the staminate cymule, more woody and peltate, is borne on a stalk attached to its lower surface rather than to the base or margin (Harris and Harris 1994) . The receptacle evidently elongates. Therefore, unlike pistillate cymules, staminate ones form a tight arrangement along the primary inflorescence axis.
Although each cymule contains two secondary bracts regardless of the gender, the secondary bracts also differ from male to female. The secondary bracts in the pistillate cymule are arrested during the development. In the mature stage, they still keep their primordial appearance but grow adnate to the primary bract. On the other hand, in the staminate cymule, the secondary bracts are free from the primary bract and develop laminarly. It is interesting that the secondary bracts in staminate cymules display great morphological similarity with tepals (i.e., a similar texture and the presence of gland protuberances regularly distributing along their margins). Abbe's (1935) observation in mature flowers of Betula implied that only the tepals were studded with these glands, and the distinct types of protuberances are important markers to distinguish bracts and tepals. However, our observation in Betula alnoides suggested that the glands are not unique to tepals. The secondary bracts are also studded with glands. Research on the function of these protuberances is still insufficient up until now. The reasons we interpret the lateral organs as secondary bracts rather than tepals are based on their time of initiation and positional homology. First, the primordia of the secondary bracts occur earlier than tepal primordia and synchronously precede the initiation of the lateral floral primordia. When they differentiate from the floral buds, the middle flower is initiating tepal development. The two tepal primordia in each lateral flower initiate simultaneously with the stamen primordia in the middle flower. Thus, secondary bracts appear much earlier than tepals during ontogeny. Second, in the staminate cymules the primordia of the secondary bracts are initiated at the same positions where the secondary bracts appeared in pistillate cymules (i.e., with abortive tepals), and one lateral flower is initiated in each of the axils of the secondary bracts.
A previous vascular anatomical study by Abbe (1935) suggested the absence of the tertiary bracts in Betula. Our observation reinforces this view that neither staminate nor pistillate cymules show any primordium of the tertiary bracts.
Tepal Development
In mature reproductive structures of B. alnoides, pistillate flowers lack showy tepals. However, the SEM observation showed tepal initiation in pistillate flowers. When the carpel primordia arise, the tepal primordia initiate at the flanks of the flower and show morphology and orientation similar to those of the tepal primordia in staminate flowers. Although the tepals are arrested during the development in pistillate flowers, they are still recognized as inconspicuous margins of the ovary wall and probably participate in the formation of the fruit wings.
The tepals in staminate flowers develop well but vary in number and morphology. The number of full-grown tepals per flower usually ranges from two to three, although occasionally only one can be observed (not shown). Each lateral flower differentiates two tepals on both sides, orientated at an oblique angle toward the primary bract. The middle flower generally produces three tepals: two on the flanks, as observed in the lateral flowers, and the third on the abaxial side. The lateral tepals in the middle flower are transverse to the primary bract instead of being diagonal. But at the mature stage, the regular arrangement of tepals is totally different from that at the beginning. According to the observation on many mature cymules, almost every tepal, as well as the secondary bract, has been deflected from the position where it originated. Perhaps this phenomenon is collaboratively caused as a result of the elongated receptacle (to broaden the distances among the tepals) and the densely arranged stamens. Moreover, besides the orientation, the tepals also display morphological variation during development. In addition to the gland protuberances distributing the margins, as mentioned above, the upper part of the tepals usually differentiates several segments when young and develops to be entire in the mature stage.
Orientation Change of Stamen
The orientation changes of floral organs were reported in Carpinus turczaninowii and Ostryopsis davidiana of Betulaceae, in which the primordia of two pistillate flowers are parallel ( fig. 4F ) and then each flower gradually moves outward, away from the center of the cymule ( fig. 4G ; Chen et al. 2001) . In this study, however, the stamen primordia change their orientation from opposite ( fig. 4A) to alternate (fig. 4B ) to tepals before the differentiation of the thecae. The reasons why the organs transform their positions are uncertain so far.
Floral Whorls and Comparative Organogenesis Pattern in Betulaceae
Among angiosperms, unisexual flowers are divided into two morphological types (Mitchell and Diggle 2005) : (1) the pistillate flower with sterile stamens versus the staminate flower with sterile carpels and (2) the flower without rudiments of the opposite gender. For the first type, which is more frequent overall, both stamen and carpel primordia arise at an early stage, and the sex determination occurs afterward when one kind of the reproductive primordia stops developing and becomes vestigial. For the other type, which is less frequent, there is no primordium of the opposite gender at all. The unisexual flower is determined from inception.
In Betulaceae, the flower has only one or two whorls: the outer whorl is composed of a perigon without differentiation between sepals and petals, while the inner whorl is represented by carpels or stamens. The flowers of Betuleae usually differentiate two whorls (tepal and stamen) in males and one (carpel) in females. The situation is reversed for in most of the species in Coryleae. The flowers of Coryleae usually differenti-591 ate only one whorl (stamen) in males and two whorls (tepal and carpel) in females. Bisexual flowers and inflorescences, unusual in Betulaceae, have been reported in other species of the family (Schulz 1892; Abbe 1938) . In this study we observed one bisexual inflorescence with a female upper part and a male lower part, but both produce unisexual flowers without rudiments of the opposite gender. Therefore, the flower of B. alnoides should be characterized as a completely unisexual flower from the beginning of its development.
It is interesting and worthy of note that even in those unisexual flowers classified in the second morphological type, the organogenesis pattern obviously differs from genus to genus and from species to species. Among various situations, two organogenesis modes can be proposed in unisexual flowers from inception, with the two genders displaying similar or different organogenesis patterns. When taking Platycarya strobilacea (Juglandaceae), for instance, of the first mode (Li et al. 2005, p. 451) , several stamen primordia were arranged as ''an irregular circle or two semicircles of different size'' without any other primordia aside the male flower. On the other hand, two carpel primordia were initiated opposite the lateral bracteole primordia and were surrounded by tepal primordia from the adaxial side in the female flower. Another example is Ceratophyllaceae, which produces polystemonous male flowers and unicarpellous females (Endress 1994) . For the second mode, Betuleae (Betulaceae) displays a similar organogenesis pattern in both males and females ( fig. 4B-4E ). In B. alnoides, the bracts are initiated in exactly the same arrangements in both genders ( fig. 4A-4C ). The orientation of the flowers and interior reproductive organs reveals great consistency before the change of stamen orientation ( fig. 4A, 4C) . The stamen/carpel primordia of the middle flower are parallel to the primary bract and opposite the tepal primordia, while the lateral ones are diagonal to the primary bract. Moreover, the tepal primordia are lateral in pistillate and staminate cymules ( fig. 4A-4C ). The resemblance seems not as pronounced in Alnus because of the suppression of the middle flower in the pistillate cymule and the different number of stamens and carpels. But the orientation of the lateral flowers, the angles between bracts and flowers, and the patterns of floral ontogeny early in the developmental process are still similar in Alnus and Betula ( fig. 4A, 4C-4E ). The resemblance of organogenesis was also discovered in some primitive genera of basal angiosperms. For example, both the stamen and the carpel primordia of 
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Schisandra sphenanthera (Schisandraceae) arise acropetally in a sequence with 2=5 spiral phyllotaxis early in organogeny (Liu and Lu 1999) . The diverse morphology between males and females commences after the initiative stage.
Phylogenetic Implications in Betulaceae
There is no controversy about the division of Betulaceae into two major clades, tribe Betuleae or subfamily Betuloidae (Alnus and Betula) and tribe Coryleae or subfamily Coryloidae (Carpinus, Corylus, Ostrya, and Ostryopsis), when either morphological or molecular data are considered respectively or together (Bousquet et al. 1992; Chen et al. 1999) . Although the data of floral ontogeny within the family are incomplete (Corylus and Ostrya have not been available), the organogenesis of female cymules and flowers in the other four genera allow a comparative framework between the two tribes. Both Betuleae and Coryleae have cymules subtended by one primary bract and two secondary bracts. The bicarpellary flowers are very similar in four genera. However, tepals develop well in Coryleae (Carpinus and Ostryopsis) but are arrested in Betula and completely lost in Alnus.
The sister group relationship between Alnus and Betula is well supported by previous morphological and molecular evidence (Bousquet et al. 1992; Savard et al. 1993; Chen et al. 1999) . This study suggests the same developmental order of flower initiation in the male cymule (the middle one first and the lateral ones later) and the division of a stamen into two thecae consisting of four anther sacs in both genera. On the other hand, Betula seems more reduced than Alnus in staminate cymules and flowers in general. The number of bracts, tepals, and stamens in Betula is less than that in Alnus, indicating a further process of reduction. However, pistillate cymules and flowers in the two genera are more diverse than staminate ones. The number of flowers in a cymule varies from one to three, and the tepals are present, arrested, or completely lost, depending on the species (Abbe 1935; Chen 1992) .
This study of the whole developmental process of the cymules and flowers in B. alnoides presents a similar pattern of primordium morphogenesis between male and female reproductive organs, providing some clues for the explanation of evolutionary pathways of unisexual flowers. Further questions suggested by this research include how the evolution of floral sexuality has proceeded in Betulaceae and what the ancestral and derived sexual expressions are in the family. It will be interesting to study the structure, function, and evolution of the MADS-box genes involved in the development of the unisexual flowers in B. alnoides, such as the expression of the B-class genes in female flowers and the C-class genes in male flowers.
